To compare insulin sensitivity (Si) from a frequently sampled intravenous glucose tolerance test (FSIGT) and subsequent minimal model analyses with surrogate measures of insulin sensitivity and resistance and to compare features of the metabolic syndrome between Caucasians and Indian Asians living in the UK. SUBJECTS: In all, 27 healthy male volunteers (14 UK Caucasians and 13 UK Indian Asians), with a mean age of 51.271.5 y, BMI of 25.870.6 kg/m 2 and Si of 2.8570.37. MEASUREMENTS: Si was determined from an FSIGT with subsequent minimal model analysis. The concentrations of insulin, glucose and nonesterified fatty acids (NEFA) were analysed in fasting plasma and used to calculate surrogate measure of insulin sensitivity (quantitative insulin sensitivity check index (QUICKI), revised QUICKI) and resistance (homeostasis for insulin resistance (HOMA IR), fasting insulin resistance index (FIRI), Bennetts index, fasting insulin, insulin-to-glucose ratio). Plasma concentrations of triacylglycerol (TAG), total cholesterol, high density cholesterol, (HDL-C) and low density cholesterol, (LDL-C) were also measured in the fasted state. Anthropometric measurements were conducted to determine body-fat distribution. RESULTS: Correlation analysis identified the strongest relationship between Si and the revised QUICKI (r ¼ 0.67; P ¼ 0.000). Significant associations were also observed between Si and QUICKI (r ¼ 0.51; P ¼ 0.007), HOMA IR (r ¼ À0.50; P ¼ 0.009), FIRI and fasting insulin. The Indian Asian group had lower HDL-C (P ¼ 0.001), a higher waist-hip ratio (P ¼ 0.01) and were significantly less insulin sensitive (Si) than the Caucasian group (P ¼ 0.02).
Introduction
Insulin resistance is an independent risk factor in the aetiology of cardiovascular disease (CVD) and noninsulindependent diabetes mellitus (NIDDM). 1 It is also reported to be associated with obesity and dyslipidaemia 2 contributing to the cluster of abnormalities known as the metabolic syndrome. 3 Features of the metabolic syndrome are commonly reported among Indian Asians living in the UK [4] [5] [6] [7] and are thought to contribute to the increased mortality rate observed among this ethnic group compared to the native Caucasian population. 8, 9 Reliable measurement of insulin resistance is therefore important to enable further investigation into the links between insulin resistance and other features of the metabolic syndrome, as well as to evaluate effective preventative strategies for the metabolic syndrome.
The most valid of the currently available procedures for measuring insulin sensitivity in vivo involves dynamic intervention with glucose and insulin to mimic normal body homeostasis. Although the glucose-clamp technique 10 is considered the gold standard, the more recently developed minimal model provides a well-validated alternative. 11, 12 Both procedures are time consuming and invasive rendering them unsuitable for use when determining the insulinsensitivity status of large study populations. Recent research has focused on the development of simpler, less invasive surrogate measures of insulin resistance and sensitivity. Most of these are based on measurement of fasting concentrations of insulin and glucose and can be easily applied in large-scale studies or where it is not practical to conduct more comprehensive tests.
The homeostasis model for insulin resistance (HOMA IR) 13 is the most commonly employed surrogate measure and provides a reliable alternative to the more robust glucose clamp 14 and minimal model techniques. 15 Other surrogate methods, including fasting insulin, 16 Bennetts index 17 and the insulin-to-glucose ratio, 18 also demonstrate good concordance with values obtained using the more invasive techniques. [19] [20] [21] The recently developed quantitative insulin-sensitivity check index (QUICKI), 22 which takes the product of both the reciprocal and the logarithm of fasted insulin and glucose concentrations, gives values that correlate well with the glucose-clamp and minimal model techniques and may provide a better surrogate measure of insulin resistance compared to HOMA IR. 22 The revised version of QUICKI (revised QUICKI) 23 that incorporates a value for fasting nonesterified fatty acids (NEFA) into the QUICKI formula is reported to have a stronger relationship with the glucose clamp than QUICKI alone and therefore may provide an adequate substitute for more sophisticated measures of insulin sensitivity. However, as yet the revised QUICKI has not been widely employed in studies to date and its further validation in different populations is required. The aim of this study was to compare a range of surrogate measures of insulin sensitivity (QUICKI and revised QUICKI) and resistance (HOMA IR, fasting insulin resistance index (FIRI), Bennetts index, fasting insulin, insulin-to-glucose ratio) with insulin sensitivity (Si) derived from the minimal model technique, in a group of male volunteers of Caucasian and Indian Asian ethnic origin. This study also aimed to compare a range of metabolic parameters including insulin sensitivity between the two ethnic groups.
Subjects and methods

Subjects
In all, 27 healthy male volunteers (13 Indian Asians, Sikhs were targeted as the Indian Asian group, and 14 Caucasians), aged 35-70 y were recruited from the Reading and Slough areas of the UK, through a combination of e-mail contact, newspaper advertisements, distributed flyers and word of mouth. Healthy individuals were recruited on the basis of a screening blood sample (glucose o8 mmol/l, triacylglycerol (TAG) 0.5-4 mmol/l, total cholesterol o8 mmol/l) and completion of a medical and lifestyle questionnaire. 26 Glucose and insulin values were entered into the MINMOD computer program (version 3.0, Richard N Bergman) to determine Si using mathematical modelling methods. 11, 25 Insulin sensitivity from the minimal model was taken as a gold standard and compared with a selection of surrogate measures of insulin resistance (HOMA IR, FIRI, Bennetts index, fasting insulin, insulin-to-glucose ratio) and insulin sensitivity (QUICKI and Revised QUICKI), which were calculated using fasting insulin, glucose and NEFA concentrations calculated from the mean of fasted blood samples collected at À5 and 0 min of the FSIGT. The calculation of these surrogate measures is summarised in Table 2 .
Anthropometric measurements
Anthropometric measurements were conducted by a single trained investigator on the morning of the insulin-sensitivity test. Height was measured to the nearest 1 cm using an upright stadiometer and weight to the nearest 0.5 kg on standard medical scales. Waist circumferences were determined mid-way between the lowest rib margin and the iliac crest to the nearest 1 mm in a standing position. Hip
Comparison of insulin resistance/sensitivity tests LM Brady et al circumferences were determined as the largest circumference around the hips to the nearest 1 mm in the standing position. Skinfold thickness was measured using Harpenden's calipers at the triceps, biceps, subscapular and suprailiac sites as previously described. 27 Biochemical analysis Blood samples were collected into 5 ml potassium EDTA tubes and 1 ml fluoride oxalate tubes. Blood samples were centrifuged at 3000 rpm for 10 min and the plasma obtained was aliquoted into 3 ml flat bottomed plastic tubes (Thermo Lifesciences, Basingstoke, UK) and stored at -201C for later determination of plasma TAG, NEFA, insulin, high-density lipoprotein cholesterol (HDL-C) and total cholesterol concentrations from the EDTA tubes and glucose concentration from the fluoride oxalate tubes. Low density lipoprotein cholesterol (LDL-C) was determined by the Friedewald formula. 28 Plasma TAG, glucose and total and HDL-C concentrations (using test kits supplied by Instrumentation Laboratories Ltd, Warrington, Ches., UK) and NEFA (using the Wako NEFA C test kit; Alpha Laboratories Ltd, Eastleigh, Hants., UK) were determined using an automated analyzer (Instrumentation Laboratories UK Ltd). Insulin was measured using a specific commercial ELISA kit (DAKO Ltd, High Wycombe, Bucks., UK). The mean intra-and inter-CVs for the total cholesterol, glucose, TAG, NEFA and insulin were 2.1, 1.0, 1.4, 1.8 and 4.0%, respectively, and 4.0, 3.7, 3.1, 1.8 and 5.5%, respectively. Means7s.e.m. BMI, body mass index; BP, blood pressure; TAG, triacylglycerol; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NEFA, nonesterified fatty acids; Si, insulin sensitivity from the minimal model; QUICKI, quantitative insulin sensitivity check index; HOMA IR, homeostasis model for insulin-resistance; FIRI, fasting insulin resistance index; WHR, waist-hip ratio; Ssk, sum of the skinfold thicknesses. Comparison of insulin resistance/sensitivity tests LM Brady et al
Statistical analysis
All statistical analyses were performed using SPSS (version 11.0;. SPSS, Chicago, IL, USA) and a P value of o0.05 was considered to be statistically significant. Prior to statistical analysis, all data were examined for normality using the Shapiro-Wilks test and log transformed where necessary. Comparison between the measurement of Si derived from the minimal model and the surrogate estimates of insulin action was conducted using Pearson's correlation analyses. Significant differences between the Caucasian and Indian Asian groups were determined by independent t-tests. The results are presented as means7s.e.m.
Results
Minimal model vs surrogate measures
The results comparing surrogate measures of insulin sensitivity (QUICKI and revised QUICKI) and resistance (HOMA IR, FIRI, Bennetts index, fasting insulin, insulin-toglucose ratio) with the minimal model estimate of Si are presented in Table 3 . Significant positive Pearson's correlations were observed between Si and revised QUICKI and QUICKI and significant negative Pearson's correlations between Si and HOMA IR, FIRI and fasting insulin measurements. The strongest and most significant relationship with Si was the positive association observed with insulin sensitivity measured by revised QUICKI (r ¼ 0.67; P ¼ 0.000), which differs from the other surrogate methods investigated as it incorporates fasting NEFA concentrations into an equation in combination with fasting insulin and glucose concentrations. A scatterplot of the relationship between revised QUICKI and Si is illustrated in Figure 1a . The most commonly used surrogate measure for insulin resistance, HOMA IR, showed a significant negative relationship with Si (r ¼ À0.50; P ¼ 0.009), as illustrated in Figure 1b . Weaker nonsignificant negative relationships were observed between Si and the insulin-to-glucose ratio and Bennetts index.
Ethnic differences in metabolic parameters
The blood lipid profile, insulin action measurements and anthropometric measurements for the total study group based on ethnicity, are presented in Table 1 . The Indian Asian group had a significantly lower HDL-C concentration compared to the Caucasians (P ¼ 0.001). Additionally, this ethnic group had higher TAG and NEFA concentrations, although differences between the groups for these measurements did not reach significance. The Indian Asian group had a higher waist-hip ratio than the Caucasians (P ¼ 0.01), although similar waist circumferences were observed in the two groups. The Indian Asians had a greater amount of fat over the subscapular region (P ¼ 0.03) as determined by higher subscapular skinfold thickness compared to the Caucasian group. When insulin sensitivity was assessed using the minimal model the Indian Asian group was identified as significantly less insulin sensitive than the Caucasians. However, differences in values did not reach significance for any of the surrogate measurements of insulin sensitivity (revised QUICKI, QUICKI) or insulin resistance (HOMA IR, FIRI, Bennetts index, fasting insulin, insulin-to-glucose ratio) applied in this study.
Discussion
The purpose of the present study was to compare a range of surrogate markers of insulin sensitivity (QUICKI, revised QUICKI) and resistance (HOMA IR, FIRI, Bennetts index, Comparison of insulin resistance/sensitivity tests LM Brady et al fasting insulin, insulin-to-glucose ratio) with Si determined from the minimal model. This study also compared features of the metabolic syndrome between Indian Asian and Caucasian study participants. The minimal model 11 was chosen as the gold standard due to its previously reported significant relationship with the glucose-clamp technique 12 and its greater ease of use in volunteer studies. The results showed significant positive relationships between surrogate measures of insulin sensitivity (QUICKI, revised QUICKI) and significant negative relationships between measures of insulin resistance (HOMA IR, FIRI, fasting insulin) and Si. The strongest relationship emerged between Si and revised QUICKI, the most recently developed surrogate technique, which includes fasted NEFA concentrations in an equation with fasted insulin and glucose measures. The Indian Asian group exhibited some of the classical features of the metabolic syndrome including lower HDL-C, higher WHR and higher truncal fat. However, the minimal model was the only technique that discriminated between the two population groups with respect to insulin sensitivity. The HOMA IR is the most commonly applied surrogate marker of insulin resistance, although few studies in the literature have investigated its relationship with Si. However, it has been concluded that HOMA IR provides the best surrogate measure in situations where direct measures cannot be implemented. 29 The present study demonstrated a moderate relationship between HOMA IR and Si similar to previous results. 15 Previously, fasting insulin has been reported to be as accurate as HOMA IR, Bennetts index and the insulin-to-glucose ratio, for prediction of insulin resistance in normoglycaemic subjects. [19] [20] [21] In the present study, correlations between Si and the insulin-to-glucose ratio and Bennetts index were weaker than other surrogate markers and did not reach significance. However, fasting insulin did show a significant moderate relationship with Si and may be useful in situations where fasting glucose concentrations are unavailable. The present study also evaluates two recently developed surrogate measures of insulin sensitivity, QUICKI and revised QUICKI. The QUICKI is based on the logarithm and the reciprocal of the product of fasting insulin and glucose concentrations and demonstrates a stronger relationship with the glucose clamp than HOMA IR. 22 The QUICKI technique has been reported to have a significant relationship with the minimal model (r ¼ 0.52, P ¼ 0.000) over a wide range of insulin sensitivities (obese, nonobese and type II diabetic patients). 22 A similar relationship was observed in the present study investigating normoglycaemic individuals (r ¼ 0.52, P ¼ 0.007). In an attempt to further improve the power of QUICKI to determine insulin sensitivity, fasting NEFA concentrations were incorporated into the equation with insulin and glucose. 23 NEFA is a postabsorptive metabolic marker of insulin action that remains elevated in insulin resistance due to the failure of hormone sensitive lipase to respond to antilipolytic actions of insulin or possibly to impaired fatty acid esterification. 30 Its measurement therefore reflects the effects of insulin beyond those of stimulation of glucose transport and reflects the disturbance in fasting NEFA commonly observed in insulin-resistant subjects. 31 Inclusion of NEFA in the equation was shown to strengthen the relationship between QUICKI and the glucose clamp with the regression coefficient increasing from r ¼ 0.27 to 0.51. 23 This is similar to the findings in the present study, where the strength of the relationship between QUICKI and Si increased from r ¼ 0.51 to r ¼ 0.67 on inclusion of NEFA. Therefore, inclusion of fasted NEFA concentrations as an additional marker of insulin resistance appears to improve the predictive power of fasting insulin and glucose alone. Indian Asians in the UK have a high prevalence of the characteristics of the metabolic syndrome (insulin resistance, 4 central obesity [5] [6] [7] and dyslipidaemia 32, 33 ), compared to Caucasians. Consistent with previous reports, the Indian Asians in the present study were significantly less insulin sensitive as determined by the minimal model, had significantly lower HDL-C concentrations and a significantly higher mean waist-hip ratio compared to the Caucasian group, despite having comparable plasma glucose concentrations. Absolute values for insulin sensitivity in the present study were comparable with a previous study that reported greater insulin sensitivity, from the minimal model, among Caucasians compared to Indian Asians (Si ¼ 3.01 and 1.92 Â 10
À4
.min
À1
.mU.ml À1 , respectively). 4 A previous larger study in our research group observed that Indian Asians (n ¼ 55) were significantly less insulin sensitive than Caucasians (n ¼ 55) when revised QUICKI was applied as a surrogate measure of insulin sensitivity. 34 In the present study, it was observed that Indian Asians were less insulin sensitive using the revised QUICKI, than Caucasians, although these values did not reach statistical significance, which probably reflected the small numbers in each study group. Furthermore, the minimal model technique was the only method that discriminated, statistically, between the two normoglycaemic ethnic groups, illustrating greater sensitivity and value of this technique when relatively small numbers of volunteers are studied.
In conclusion, the present study established that the revised QUICKI surrogate index of insulin sensitivity had the strongest relationship with the gold standard minimal model in comparison to a range of other techniques for assessing insulin sensitivity (QUICKI) and resistance (HOMA IR, FIRI, Bennetts index, fasting insulin, insulin-to-glucose ratio). This method may represent a reliable surrogate measure of insulin sensitivity in large-scale studies where fasting insulin, glucose and NEFA concentrations are available. However, further research in larger study groups and in population groups with various ranges of insulin sensitivity, including obese and diabetic individuals, is necessary to determine whether this technique is of value. Finally, this study highlighted the sensitivity of the minimal model to discriminate between insulin-resistant and -sensitive population groups in small-scale studies.
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